ON THE ASYMPTOTIC CHARACTER OF THE SOLUTIONS OF
CERTAIN LINEAR DIFFERENTIAL EQUATIONS
CONTAINING A PARAMETER®

BY

GEORGE D. BIRKHOFF

The aim of the present paper is to develop the asymptotic character of the
solutions of linear differential equations of the form

drz drz

e +Pan-1(w»P)¢W_x + o+ ptay(x, p)2=0

for large |p|. The functions a,(x, p) are analytic in the complex parameter p
at p = oo and have derivatives of all orders in the real variable x. SCHLESINGER }
has proved asymptotic properties for lim p = co on some fixed ray argp = a;
in this paper we prove similar properties for a region § = arg p = 4, but by a
different method. In 1837 L1oUvVILLE | treated the important special case

d’z
gzt [PFP+g(x)]z=0

when p is real, the first problem of the kind to be considered; the method of
attack used in this paper is of a similar nature.

It is purposed to make an application of the results here obtained to boundary
value and expansion problems in a second paper.

I desire to make acknowledgment of the kind encouragement and valuable
suggestions received from Professor E. H. MOORE, for both papers.

We consider functions z(x, p) of a real variable « on the closed interval

*Part of a paper presented to the Society (Chicago), Mar. 30, 1907, under a different title.
Received for publication October 23, 1907.

t{Mathematische Annalen, vol. 63 (1907), pp. 277-300. This paper appeared after the
writing of the present paper. See algo a paper by J. HOrRN, Mathematische Annalen, vol.
52 (1899), pp. 271-292.

tLiouville’s Journal, vol. 2, p. 16. C!. in partioular § 3.
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(@, ) and of a complex parameter p, |p| > R, which satisfy a linear differ-
ential equation of the form

dnz d’l—lz
1) %‘.4‘[’“.4(“’,[’)2‘—:14' oo+ pray(x, p)z=0.

Here we assume that the functions a;(x, p) are bounded by the inequalities

(2) Ia,.(ac, P)IgM (aéng. |P|>B))

and that

3) a,(, p)=f"‘_,a,-,(w)p°f. (Ie]>R).
=0

The coefficients a,, of this last series we assume to be continuous with continuous
derivatives of all orders on (a, b), but not necessarily real. As a consequence
of (2) and (3) the a,(x, p) are continuous in 2 and p, for the series (3) are series
of continuous functions of x and p converging uniformly for |p| = B, > R.

Further we postulate that the » roots

. w, (), w,(x), -+, w,()
of the equation

4) vt @, ()W gy (%) =0

are distinct for every x on (a, d).

By R (p) we denote the real part of the complex number u.

DerFmNITION. By a region S of the p-plane we understand a region for
which the indices 1 to n can be so arranged that

©) Rlpw ()] = B[pw,(2)] = --- = R[pw,(=)]

Jor every x on (a, b) and every p on S.

If p=p, is an S point, so that (5) obtains for p = p,, it is clear that (5)
holds if only arg p = argp,. By virtue of this fact the half line arg p = arg p,
belongs to the same region S. For a given « the relations (5) define a certain
closed sector,

oz = arg p = ‘I’z’

containing the half line arg p =argp,. The largest closed sector common to
all these sectors,

®) 6=agp =y,

forms the region S, degenerating to a half line when § =+. The funda-
mental theorem refers to the solutions of (1) on these regions S, when such
regions exist.
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An important set of inequalities on a region S is

) Ie"/f'b‘("“‘ = ’e’/‘?”’("‘”' =..= le’-/?"’“(m, (a=a=p=b).
In an expression of the form

e [ey(x)p~™ + €, (2)p™* " + -]
the term

&(x)p~
shall be called the principal term.
Finally we introduce the notation

o+
¢ (2, p)=p" 55 (2, p),
so that (1) becomes

® AR =44, (@ p)e Y 4 o + (2, p)z=0;

and also the notation % as a generic notation for functions of p and other vari-
ables bounded for |p| = R°, when R” is sufficiently large.

Lemma L. For every value of i from 1 to n inclusive there exist an infinite
number of functions u,(x), u,(x), ---, continuous and with continuous deriv-
atives of all orders, such that w,(x) does not vanish at any point of (a, b)
and such that if the functions

p_fo wilt)as

w (2 p) = ()

be substituted for z in the expression A(z), the coeficient of
G,,j;”w‘(:)ap_' (iil, 2,y m

in the expression thus obtained vanishes identically.
To prove this, write
u(z, p) = ep'/; ”(‘m”(”’ P)s

where w () is some definite one of the z roots w,(z). We find then

LYALIOM]

ul)(z, p)=e [w(=)v(=, p) + 0 (2, p)]s

(o, pyme [ (L@ 2,00 oo 1+ 20(a) o, 0+ 07(e )

and, in general, ,
®) wi(z, p)m &M S 0 (m, p) o (3, p),




222 G. D. BIRKHOFF: ASYMPTOTIC SOLUTIONS [April

in which a, (2, p) is a polynomial in 1/p of degree j—1 at most, whose
coefficients are functions of « continuous on (@, b) and with continuous deriva-
tives of all orders. We note that the principal term in the coefficient of v (2, p)
in (9) is

(10) %o (2) = [w(2)])7,
and the principal term in the coefficient of v™"(zx, p) is
1) apo(2) =j[w(x)]) s
also we note that
a,(z,p)=1.
Hence we conclude
(12) Afu(@,p)] =&/~ " A [o(=, )]
where
18) A() = 6 4+ 3 (2, )2 4 - 4 Gy(x, p)z,

the @ (z, p) being conditioned as the a,(x, p) are in equations (2) and (3).
For convenience we write

a(z,p)=1, a(=,p)=0 (1>n).
We see from (10), (11) that if we place

6,(:0, p)= gdy(w)p—/’
then B
(14)  ay(z)=[w(2)]"+ a,_,o(z) [w(2)]"" + -+ ay(x) =0
and
(15) ay(z)=n[w(2)]"" + (n—1)a,_,(2)[w(2)]"" + - - + ay(2),

so that @, («) 4= 0 on (@, b), the n roots w,(«) being distinct.
If then we write in (12)

m—1

v(z, p)= Z‘;uj(w)p‘f,
we find the condition that the coefficient of

Zw(t)de
el’/;“’ P—' (s=0,1,--,m)

in A [u(2x, p)] vanishes to be 4
(16) ¥ 3,(2) g (%) =0.

jtkti=s

The equation (16) is true for s =0 by (14). For s 4= 0 we can write (16) in
the form

k<s—1

(A1) 8y(2) g5 04(2) + Bu(@)ua () + 5o (@) (@) =0,

+k4-i=8
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since, if in (16) k= s, then / =j = 0 and the term corresponding to this set
of values has a coefficient @, (x)=0; if t=s—1, we have either /=1,
J=0o0rl=0, j=1, and the corresponding terms are the first terms of (17).

It appears then that w,_ (x) can be determined in terms of
u,_,(%), u,_4(z), ---, u,(2) as a solution of a certain linear differential equa-
tion of the first order which has no singular points on (e, b) since a@,,(x) % 0.
Thus u,(x), »,(x), ---, %,_,(x) are obtained in succession from (16) for
8=1,2,...,m. For each w,(x) we obtain in this way a sequence of func-
tions u,, (), u,(x), - - -, such that if the expressions

z, m~—1
u(%, p) = e jg,, u,(x)p™
be substituted for z in 4 (2), the coefficient of

Zow(t)dt
ep/;w‘ [ i=1,2,.--,n;8=0,1,:---, m)

vanishes by (17) since the conditions (16) are now satisfied for s =1,2,..., m.
Furthermore the differential equation for u (%) is homogeneous, so that by
taking for u,(x) a solution which is different from zero at one point of
(@, b), we are sure that u,(x) does not vanish at any point of (a,d).
Since the a,(x) were continuous with all of their derivatives, the functions
(), u, (%), - - - are also continuous with all of their derivatives. The sequence
of functions u, (), u, (), - -- has then the properties stated in the lemma.
If the formal developments

x d @
ep./;m(t)tzuv(w)f,—f (i=1,2,---,n)
j=0

converged and admitted of n-fold term by term differentiation, we should have
in them the asymptotic developments of solutions of our differential equation
which we desire. This however will not in general be the case. We shall,
nevertheless, show in the theorem below that by breaking off after m terms of
these series (i. e., by retaining the part u,(«, p)) and putting in certain remain-
der terms we can get true solutions of our differential equation. In order to
prove this we must first prove another lemma in which the form of the dif-
ferential equation is established which is satisfied by the sums of these m terms
(i. e., (%, p)) without any remainder :

Lemma II.  The homogeneous linear differential equation of order n with
n solutions u,(x, p) has the form

B(z) = 2+ b, (2, plett4 ... 4 by(x, p)z=0,
where for |p| > R°
(18)  |b(=,p)| = M°; b‘.(w,p)=§b‘.f(w)p" (i=0,1,---,n—1).
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The coefficients b, (x) which appear here are continuous together with all their
derivatives, and

19) by(x) =ay(x) (i=0,1,---,n—1;j=0,1,--,,m).

The homogeneous linear differential equation of order n with solutions u,(zx, p) is
2] 2ln—1] . 2

w [TER T e,

ul(z, p) ulr(2yp) -o- wu(,p)

For the elements of this determinant we have

p/;zw‘(t)dt m-+j—1

@y ul (2, p) = ¢ 3> M)
where by (10) -
(22) Ayo(2) = [w; ()] vy ().
Thus if we factor out of (20)
I"I S

the differential equation takes the form
(23) B‘(w, P)z[ﬂ] + B.—l(w’ P)z[ﬂ—l] + oo + Bo(m' P)z . 0’
where B,(x, p) are polynomials in 1/p. We have for the principal term of
B.(2sp)
xl,n—l.o 7"1,»-2,0 o Mgy
Mato Macze 0 Mg
B,o(w) =1 . . . . . A

A,

n, n—1,0

In view of (22) this last determinant may be written

[w,(2)]*" [w(2)]? --- w(x) 1
[wz(w)]”_‘ [w,(2)]"" -+ wy(x) 1

X

n, n—2,0

gu‘o(w)-

[w,(2)]"" [w.(®)]* - w(z) 1
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This is not zero at any point on (a,d) as the w,(x) are distinct and the
%,() 3= 0 by Lemma I. Therefore for |p| = R°

B(%P) =M, b,(, )_’g%z;—ib (=)p™.

But we can write (23) in the form
@) A 4 b, (2, p)a0 4 .+ By, p)z = 0.

Now the functions b, () and their derivatives are continuous since the w,(x)
and u,(x) are of this character. The first part of the lemma is thus proved.
Now let j, be the smallest value of j for which, for some i and =,

by (=) *+ ay(=).
From (21) and (22) we see that the principal term of
(25) Blu(x,p)] —A[u(x,p)] =B—A[u (x,p)]
(%) P & Do) = an ()] [, () | a()-

Assume j,=m if possible. In each part of the difference (25) the coefficient of
¢ [ wit)de pio

must then vanish, in the first part since u,(«, p) are solutions of B(2)=0;
in the second part, by Lemma I. Therefore from (26)

n—1

kz-;[bkfo(w)_a’do(w)] [w(2)]*=0  (i=1,2,--,).
We conclude that N
b’do(w) = a"fo(w) (k=o0,1,:---,n—1),

the w,() being distinct. This is a contradiction. Hence j, > m.
THEOREM. On a region S there exist n independent solutions
2 (%, P)s 2(%5p)y -+ -5 2,(®y p)

dn dn-—l
dwu"‘Pa.-l(”’ P)dwu—l",' “+ pay(z, p)z=10

of

analytic in p such that if the integer m is chosen at pleasure and p is on S,

% (%, p) = ,(x, p) + /2 % Epp,




226 G. D. BIRKHOFF: ASYMPTOTIC SOLUTIONS [April

d d g
%z‘(w, p)= d—z{:u‘(w’ P) + eﬁ./; (t)#.ElP—Ml’

(27)
n—1 d,‘_l zw‘
1 %(% P)= g u (2, p) + L OE gt
where

zw(t)dt m—1
u (o p)= S (o)

and u,(x) does not vanish at any point of (a, b).

Proof. We proceed to effect a comparison of the solutions of the given dif-
ferential equation with the solutions of the differential equation of Lemma II.
First we write the given differential equation in the form

drz a1z . g
(28)  FmHPb (2 p) gt 00 (2 p)2=p"B — A(2).

The development of the coefficient of z[*l in B — A (z) begins with a term in
p~™', in view of (18) and (19), so that

(29) |bu(2s p) — @y (2, p)| = D-|p| ™
for |p| = R.
The general solution of a non-homogeneous linear differential equation
dn dn—-l
(80) T+ h(2) s e+ Ry (2)y = $()

may be written* in terms of a set of linearly independent solutions
¥ (%), (%), -+ -y ¥, () of the reduced equation in the form

61 v=3ew(@)+ [ | Zu@no]s@d,

where the functions z, (), 2,(%), -, 2,(«) are determined from the conditions

= d 0 (t=0,1,---,n—2),
S(@w@)a@={y  Gzon

while ¢, ¢c,, - -+, c, are arbitrary constants. Any y and ¢ satisfying (30) also
satisfy (Ql) for some choice of ¢,, ¢,, -+, ¢,; and if y and ¢ satisfy (31) for
some c,, ¢;, -+, C,, they also satisfy (30); hence (30) and (31) are entirely
equivalent.

*CL, for instance, SCHLRSINGER : Handbuch der Theorie der linearen Differentialgleichungen,
vol. 1, p. 78.
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Thus treating (28) as a non-homogeneous equation we find an equivalent
equation

(59 2(2,p) = Se(er ) + [ | Sl oot ) | B ALa(E, 1t

where the v,’s are obtained from the equations

. 0 (1=0,1, -, n—2),
gu?](w, p)v; (=, P)={P—~+1 (l=n—1).

If in place of these functions v, we introduce functions #, defined by the equation

) v, (2, p) =p" (2, p),
equation (82) becomes

3) 2(2,p)= S cu(mp) 4o [Suep)e )| B AL, 14,

where the %, are determined from the equations
n . 0 (1=0,1,--,n—2)
U] - _ » Ly ’ ’
(34) éui (w’ P)u‘(z, P)_{l (l=ﬂ°—-l).

In order to prove the existence of a solution z,(x, p) of the character stated
in the theorem for some definite 4 we make the final transformation of the
constants c, in (33),

c,=c; (i=1,2, -, k),

) om—p [(a(t, p) B=ALa(E, )1 + ¢, =kt 1242,

This transformation is reversible. The given differential equation thus appears
finally in the form of an eguivalent integral equation

(o, ) = Scintor )+ [ Sute e )| B AL, P8
(36) ) o
vo[ [ 2 e paie. 0| B=Art e,

that is, the solutions of (36) and A4 (z) = 0 are the same. In the form (33) we
could infer one and but one solution z(x, p) for a given set of ¢, ¢;, -+, ¢, in
fact, that solution of A (z) = 0 which satisfies the conditions

d’ n d’ .
d—wz(a,p)=§c..wu‘(a,p) (j=0,1,---,n—1),

but a similar inference is not possible for (36).




228 G. D. BIRKHOFF: ASYMPTOTIC SOLUTIONS [April
Write
k x
_ e p f¢ wi(t)de
Eu?](w’ P)E(§, P)=e/; ’ $u(zs €5 0),

(37) ] :
2 'u.w (e, P)"zi(f’ p)= ep./é "’n(‘)d“l’“(w, & P)'

i=k+1

For the consideration of (36) it is fundamental to establish that the functions
¢, and ¥, are bounded in the following manner for |p| = R°:

| (e, €3 )| ST, a=E=x=b
(38) - - (1=0,1,-., n—1).
|[Vu(z, €3 p)| =T, a=SacZESH

To prove this we note first that from (21)

© wy(e)ae
(39) uf) (@, p) = /=" 5, (2, p),
in which 7, (x, p) denotes a polynoiial in 1/p. If now we substitute in (34)
- - azw‘(t)dt_

(40) (2, p)=e /e (%5 P)>
we find for the determination of 7,(, p) the n linear equations

- ’ — 0 (l=0,l,'-', —2 ’
(41) Saieon@me) ={]  GIel T

The determinant of these equations is a polynomial in 1/p which we called
B,(x, p), and has the principal term 8, (x) [see (28)] which is not zero. We
conclude that for |p| = R°

(42) (2 )| =m0 (= p)| = .
Now from (39) and (40) we have

(43) |ul? (=, )£, p)| = |5 ",

whence

(44) |ul (=, p), (£, p)| = [F "),

if we make the restriction
E=2 (i=1,2,-, k), Sx (i=k+1,k+2,-,n).
To see this one recalls the inequalities (7). Hence

\i“?] (=, p)u; (& P) I =k epjézw.(‘wﬂ’ (£=2),
=1
(45) ) .
2 ull(z, p)(k, p>|é<n-k> o/t "“‘”‘n" (s=1),
=k+

which are in effect inequalities (38).
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We now consider that solution 2, (x, p) of (86) for which

]9 (i4k),
(46) c‘.={1 (i=R),
and we will show

(a) that for |p| = R’ one and but one such solution exists, and this is
analytic in p;

(d) that the solutions z,, 2,, - - -, 2, thus defined fulfill the relations (27) of
our fundamental theorem.

The linear independence of z,, z,, - -, 2, is then an immediate consequence of
their form (27), since u,, ,, - - -, u, are linearly independent. The demonstra-
tion is thus completed.

Proof of (a).

We know there exists one and but one solution of (33) for all sets of values
of ¢;. To each set corresponds a definite transformed set ¢ which we will show
has the form

¢, = jZﬂqq(P)cj?

where the 4, (p) are analytic in p. To prove this statement we define
Z,(x,p), (k=1,2,..-,n), to be that solution of A(z) =0 which satisfies
the equations

d’ a’
Td;jzk(a’ p)=%~,uk(a, P) (j=0,1,-+,n—1).

If 2 is the solution of (82) for the set ¢, c,, - - -, c,, we have then

2= jf:,:chj(w, p).

The Z,(x, p) are analytic in p since the coefficients in A (z) =0 and the
u,(x, p) are. If this value of 2 is substituted in (85), we-obtain the transfor-
mation in the stated form.

From this we see that either a unique solution for the set c; of (46) exists, in
which case this solution will be analytic in p, or there is a solution of (36) for
¢;=0 (¢=1,2,..., n). If then we prove that the latter alternative is
impossible for |p| > R, we shall have proved statement (a).

Let us now write down (86) and the equations obtained from it by differ-
entiation, using the definitions (87). We then obtain

Az, p) = i uf e )+ p [ (o, s VB A [a(E, )]
(47) = :

te f SOty (@, & p)B— 4 [2(£, p)] dE

(1=0,1,--+,n—1).
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These are a set of linear integral equations in z(, p), 2l')(z, p), - - -, 2[*"I(=, p)
of the FREDHOLM type.
Assume if possible a solution z(x, p) to exist for ¢; =0 (i=1,2, ..., n).
If we write
2l(z, p) = e’-/; w"“)d‘z,(w, P) (1=0,1,---,8—1),

the equations (47) become

48) 5(2p) = p [ bl b5 gL AIAE + 0 [ uler 5 plge(Es P)IdE

(1=0,1,--+,n—1)

where
n—1
(49) gl=(= p)] = X [4(=: p) = a,(= p) ] (=1 p)-
If W 4 0 be the maximum of
Izz(x? P)l (1=0,1,--,,n—1)
on (a, b), we conclude from (29) that for |p| = R°
(80) lg [2(&, p)]| = nD-W-|p| ™.

But in one of the equations (48), e.g.,l =1, |2,(x, p), 5 the value W at
« =, so that

61y W= ‘p f “bu(zo £ PglaE P)1dE+p f V@ & P )] E |-
Applying to (51) inequalities (50) and (88), as is possible i .ce £ =2 in
b, (%, €5 p) of (38) £ ==, and in ¥, (%, &5 p), we find

(62) W=n(b—a)T -D-W-|p|™

which is not possible for
lp| = Vn(b —a)T- D.

Thus the set of values c; = 0 is seen to be impossible for |p| = B. Hence a
unique solution for (46) exists.

Proof of (b).
By (46) we have
(2 p) = o1 (@00) +0 [ | Lol (o 0)(800) | = AL (E.0)]
(63) R
o [ | 3w pace )| E=Aln(E p)1aE.
Whriting then B
s{'1 (@, p) = c’-”"'“mzu(-w, P)s
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we obtain

(2, P) = m(2,0) +p [ $uler &5 p)g[n(E, p)1dE

+ Pf"’u(w9 & P)g[z,.(f, P)]dEo
where 7,,(, p) and g(z) are defined as in (89) and (49). This equation (54)

(54)

is analogous to (48).
Let W denote the maximum of
Izu(w’ P)I (1=0,1,:--,8—1)
on (a,b). Then we find in analogy with (50) that for |p| = R°
() lg[z(z, p)]| SnD - W-|p|™".

If this maximum be attained for [ = [,, = = «,, we find in analogy with (52)
W= |y (21, p)| +0(b—a)T-D- W|p|™,

whence, if m > 0 and |p| is large,
(56) w=e,
since
| ety (%15 P)| = 0.
But from (54)

Izu(‘”’ P) — (2, P)I = led’u(wa & P)g[zk(89 P)]df
0 [ Vulm & p)gla(E: )18
Therefore, using (88) and the inequality

|9 [2(, p)]I = 0D Q[p[™,
which is a consequence of (56), we see that for a large enough |p|

|20(®> £) — (2 p)| = n(b— a) T-D- Q|p|™

Recalling that £ is a generic notation for functions of p and other variables
bounded for large |p|, we conclude from this at once that

%(%, p) = (=, p) + ¢*/e w‘(‘mEo‘P-.’
d %y,
g‘w“.(w, P)= g, % (% p) + SOk g,

d._

Tuwx(t)dt

dw—l 1 p
dw—,_x"h(“” P)= ‘h._l",‘k(”' P)+pre E,_, p™l




